The DNA sequences of structural genes of several U.K. and European isolates of feline immunodeficiency virus (FIV) were determined and compared with those of other worldwide isolates. Phylogenetic analyses of both gag and env sequences demonstrate that a Japanese isolate represents a distinct sequence subgroup, with corrected amino acid distances to the other isolates averaging 23 % in env and 8 % in gag. Analysis also reveals that an evolutionary radiation of FIV occurred with many isolates diverging at approximately the same time, and that although isolates from similar geographical sources often cluster together, there is evidence of more than one origin for FIV in the U.K., The Netherlands and Italy. Estimation of the numbers of silent and replacement nucleotide substitutions indicates the presence of constraints against amino acid changes in gag and conserved regions of env but suggests that positive selection for protein sequence changes operates in variable regions of env. The possible immunological forces underlying these changes are discussed.
Introduction
Feline immunodeficiency virus (FIV) was first isolated in 1986 (Pedersen et al., 1987) and is emerging as an increasingly useful model for human immunodeficiency virus (HIV) infection and pathogenesis. Like HIV, FIV is a naturally transmitted agent of immunodeficiency affecting an outbred population [for reviews see Gardner (1991) and Jarrett et al. (1991) ]. FIV occurs worldwide in domestic cats (Ishida et al., 1989) and antigenically related viruses are widespread amongst wild Felidae (Olmsted et al., 1992) , but the origin and source of the current epidemic is uncertain.
The first FIV strain to be characterized at the molecular level was FIV-Petaluma from Northern California (Talbott et al., 1989) . Subsequent comparison with a second cloned isolate from San Diego (FIV-PPR; Phillips et al., 1990) demonstrated clustered variation within the envelope gene, but conservation of predicted backbone features such as cysteine residues and N-linked glycosylation sites. This pattern has been largely confirmed by studies of the env sequences of European and Japanese FIV isolates (Siebelink et al., 1992; Morikawa et al., 1991; Miyazawa et aL, 1991; Maki et al., 1992) . However the insights into FIV epidemiology given by sequence variation, the number and interrelationships of viral strains within a locality, have not been addressed; such studies have been of value for HIV Ou et al., 1992) .
An instructive method for analysing sequence variation is to consider the relative rates of nucleotide substitution at silent and replacement sites (K s and K A, respectively). Such an analysis is useful in the determination of relative forces, and a Ks/KA ratio of less than 1.0 appears to be indicative of positive selection (Hughes & Nei, 1988) . This approach applied to other immunodeficiency viruses [simian immunodeficiency virus (SIV) and HIV] has led to the suggestion that some substitutions in the variable regions of env are fixed because they confer a selective advantage Balfe et al., 1990; Wolfs et al., 1990; Burns & Desrosiers, 1991 ; Holmes et al., 1992) .
In this paper structural gene sequences from a series of U.K. and Italian FIV isolates are presented, and the phylogeny and epidemiology of FIV are considered by comparing these with other geographically separate isolates. Evidence for the positive natural selection of amino acid changes in the variable regions of FIV env is also discussed.
Methods
Virus isolates. FIV isolates used in this study originated from naturally infected pet cats and are pathogenic on experimental The Netherlands X60725 Proviral clone * Peripheral blood lymphocytes from infected cats were cocultured with F422 cells (Rickard et al., 1969) . Genomic DNA (1 gg) from an early passage was used in PCR.
t From the laboratory of Dr A. Osterhaus. Peripheral blood lymphocytes from infected cats were cocultured with CRFK cells. At an early passage, cells were washed in Tri~EDTA buffer (TE) and boiled in TE for 10 rain. After a clearing spin, 1 lal supernatant was used directly in PCR.
:~ From the laboratory of Professor M. Bendinelli. Homogenized tissues were washed in TE and boiled in TE for 10 min. After a clearing spin, 1 pl supernatant was used directly in PCR. ItalyM 1 and ItalyM2 originated from the same household.
§ 34TFI0 (Talbott et al., 1989) and FIV-14 (Olmsted et al., 1989) represent separate proviral clones from feline T cell culture.
I [ 19K32 (Siebelink et al., 1992 ) (M73965) represents a second provirus cloned from the same bone marrow sample as 19K1; it differs by only 0.45 % from the 19K1 sequence in env and is not considered a separate isolate in this study.
inoculation. The sources of these new isolates and of those for which sequence data have previously been published are detailed in Table 1. PCR amplification. PCR primers homologous to regions flanking the FIV env gene matched nucleotides 6312 to 6334 (Envl) and 8908 to 8884 (Env2) of the prototype infectious proviral clone, FIV-Petaluma (Talbott et al., 1989) . Primers within env corresponded to nucleotides 7224 to 7240 (V3), 7740 to 7723 (V4) and 7990 to 7972 (V5), i.e. regions conserved amongst published sequences available at the start of these studies. The genomic regions of each isolate amplified and template preparation prior to PCR are detailed in Table 1 . PCR was conducted by the method of Saiki et al. (1986) using Thermus aquaticus polymerase (Boehringer-Mannheim) and cycle parameters of 91 °C for 1 min (denaturation), 50 °C for 1 min (annealing) and 72 °C extension for a time period based on an assumed enzyme processivity of 0-5kbp/min. PCR products were purified by agarose gel electrophoresis followed by spin-membrane centrifugation (SPIN-X; Costar) and ethanol precipitation.
DNA sequencing. The FIV sequences obtained by PCR amplification were determined by direct sequencing or after cloning into M13 or plasmid (pIC19R) vectors, as shown in Table 1 . For M13-based cloning of full-length env PCR products, libraries were generated after digestion of the PCR product with frequent cutting restricting endonucleases (AluI or RsaI). At least two independent clones of each region were characterized in this way. Sequencing of gel-purified PCR products directly utilized standard protocols (Sequenase) modified by the addition of DMSO to 15% in the chain termination reaction. Manipulation of partial sequences was by use of University of Wisconsin GCG software (Devereux et al., 1984) on the University of Glasgow VAX computer.
Datasetsfor comparisons. New sequences were compared with those already available, for which database accession numbers are shown in Table 1 . A section (2580 bp) of the env region was analysed from eight independent isolates of FIV (Petaluma, PPR, JapanTM2, Dutch113, Dutchl9K1, SwissZ2, UK2 and UKS). Because of the difficulties of sequence alignment in the highly polymorphic V5 region, 30 bp (amino acid residues 550 to 560 in Fig. 1) were excluded from the analysis, leaving 2550 bp of collinear sequence. For these and a further nine isolates (Petaluma-F14, Dutch4, Dutch6, ItalyM1, ItalyM2, ItalyM3, ItalyM4, UK5 and UK14) a 481 bp region spanning C3-V3-C4-V4-C5 was used as a second env dataset. For gag, a region of 1083 bp comprising the p17 and p24 coding sequences was available for five isolates (Petaluma, PPR, JapanTM2, UK8 and UK14). The U.K. gag sequences were those of plasmid clones previously described (Reid et al., 1991) .
Phylogenetic analyses. Nucleotide and amino acid distances were estimated for all three datasets. Nucleotide distances were estimated using the program DNADIST from the PHYLIP package (Felsenstein, 1991) kindly provided by J. Felsenstein. This program was set to use an evolutionary model that allows different relative rates of change for transitions and transversions and for each codon position in the estimation of distances. This is the same evolutionary model that underlies maximum likelihood (ML) phylogenetic inference and is discussed in more detail below. Levels of amino acid divergence were estimated using the CLUSTALV program (Higgins et al., 1992) as implemented in the Genetic Data Environment sequence analysis package kindly supplied by the Harvard Genome Laboratory. CLUSTALV, although designed for multiple sequence alignment, allows evolutionary distances between amino acid sequences to be estimated using the PAM 250 matrix (Dayhoff et al., 1978) which weights amino acid changes according to empirically determined probabilities of change.
Three different methods of phylogenetic analysis from the PHYLIP package (Felstein, 1991) were used in order to make a more reliable inference of phylogeny. DNAML implements an ML method of phylogenetic inference. Settings for the transition/transversion ratio and the relative rates of nucleotide substitution at each codon position (also used in DNADIST) were estimated from the data to make the underlying evolutionary model as realistic as possible. For the env datasets these settings were 2:1 for the transition/transversion ratio and 2: 1 : 4 for the rates of nucleotide substitution at codon positions 1, 2 and 3, respectively. For the gag dataset the equivalent settings were 3:1 for the transition/transversion ratio and 2:1:11 for the relative rates of nucleotide substitution. The 'global' branch-swapping algorithm was used to ensure that a greater proportion of possible trees was searched and multiple runs of the program were made. Trees were also constructed using NEIGHBOR, which clusters nucleotide distances using the neighbour-joining algorithm of Saitou & Nei (1987) , and DNABOOT which undertakes a bootstrap parsimony phylogenetic analysis of the data; 100 bootstrap replications were used in each case.
Rates of silent substitutions per silent site (Ks) and replacement substitutions per replacement site (KA) were estimated by the method of Nei & Gojobori (1986) using a computer program kindly provided by Adam Eyre-Walker (Division of Biological Sciences, University of Edinburgh, U.K.).
Results

Sequence alignments
The complete env nucleotide sequences of the UK2 and UK8 isolates were obtained following amplification by PCR and cloning. Nucleotide sequences from the more variable half of env from eight other isolates, U.K., Italian and Dutch, were also obtained. In Fig. 1 , predicted env amino acid sequences of all these isolates are aligned with those of database sequences alongside a consensus sequence.
Visual inspection readily confirms the clustered nature of the variation at the amino acid level; this variation is also evident at the nucleotide level (not shown). Five variable regions, V1 to V5, are defined in Fig. 1 as clusters of residues at which the number of different amino acids represented is at least 30 % of the total number of isolates. These assignments accord with those proposed by P. Sonigo et al. (unpublished results) and extends the more localized regions defined using the smaller datasets of Siebelink et al. (1992) and Morikawa et al. (1991) . In particular the existence of a conserved domain between V3 and V4 is less marked in some of the sequences presented here, suggesting that delineations may continue to change with the acquisition of more sequence data. The FIV env gene sequences are generally conserved in length; V5 is the only region displaying substantial length heterogeneity, although SwissZ2 and JapanTM2 also show limited length variation at V2. The variation in V5 might be generated by template slippage during reverse transcription of a region of repeated triplets, as proposed for HIV .
As shown in Fig. 1 , predicted structural features of the envelope glycoprotein are conserved between isolates. There are 16 fully conserved cysteines in surface glycoprotein (SU) and six in transmembrane protein (TM) (marked by an asterisk under the alignment in Fig.  1) ; a further four (in C3, V3 and V5, respectively) are not conserved amongst the new sequences reported in this study. Of the potential N-linked glycosylation sites, seven in SU and four in TM are perfectly conserved (marked N G under the alignment). Two of these are located in variable region 5. Variable regions V3, V4 and V5 are in the C-terminal half of SU, and surface probability analysis (Devereux et al., 1984) assigns them to surface positions (not shown). This clustering is reminiscent of HIV in which major neutralization epitopes map to variable regions (Kowalski et al., 1987) . Talbott et al. (1989) have defined four open reading frames (ORFs), D, E, F and G, overlapping the env reading frame of FIV-Petaluma. Of these, E, F and G are not conserved amongst the isolates presented here (not shown). However, ORF D, which comprises 70 codons and overlaps the L-SU (L, putative leader) junction of env, is present in all the isolates compared in the present study, except JapanTM2 which has three stop codons in this region (Fig. 2) . The N-terminal half is highly variable (corresponding to V2 in the env reading frame) so that, intriguingly, two of the translation frames in this region of the FIV genome are variable in coding sequence but remain open. There is a perfectly conserved methionine codon at the 5' end of ORF D, and a second at the start of the more conserved 3' half in six of the isolates, but the predicted product of the conserved half does not show any sequence similarity to other proteins in the SwissProt database.
Nucleotide and amino acid distances
Genetic distances between pairs of sequences for all three FIV datasets are presented in Table 2 . For each region, nucleotide distances (estimated by DNADIST) are presented in the lower triangular matrix and amino acid distances (estimated by CLUSTALV) in the upper triangular matrix of the appropriate tables. JapanTM2 is clearly the most divergent sequence in all cases. For the env datasets, JapanTM2 is approximately 25 % and 23 % different from the other sequences presented at the nucleotide and amino acid levels, respectively. The equivalent figures for gag are approximately 21% and 8 %, respectively. Interestingly, the difference between JapanTM2 and the non-Japanese sequences at the nucleotide level is far greater for gag than env: approximately five times in the former and 1'5 times in the latter. This suggests that env distances for JapanTM2 may be underestimates. This may be because such distances represent an average taken across both conserved and variable regions and because there have been frequent multiple substitutions at silent sites (see below). Further evidence for such an underestimation at silent sites in env is provided by the fact that the nucleotide and amino acid distances involving JapanTM2 are so similar.
Phylogenetic analysis
The results presented here are based on ML phylogenetic analysis. Because there is no information as to the direction of evolutionary change (i.e. there is no outgroup sequence) all the trees presented are unrooted. The ML tree for the 2550 bp env dataset (eight sequences) is presented in Fig. 2 (a) . This tree shows that JapanTM2 is quite distinct from the other sequences, and PPR (from San Diego) less so. The remaining group of mainly European sequences appear to have diverged at approximately the same time because they are almost equally related to each other, approximating a 'star phylogeny' (Kimura, 1983). The only exceptions are the closely related Dutch9 and Dutch113 sequences. A star phylogeny was also inferred from the distribution of pairwise distances (Table 2 ) and particularly from the phylogenetic analyses using neighbour-joining and bootstrap parsimony methods. Some of the European sequences changed places between methods as might be expected when there is little phylogenetic structure to the data.
The ML tree for the 17 sequences representing the region C3-V3-C4-V4-C5 of env (481 bp) is shown in Fig.  2(b) . JapanTM2 is again the most divergent sequence. Although the relationships between some of the European sequences continue to resemble a star phylogeny, three distinct subgroups of sequences are now recognizable. These are: (i) Dutch6, Dutchl9K1 and Dutchll3; (ii) ItalyM3, ItalyM4, UK5 and Petaluma; (iii) ItalyM1, ItalyM2 and UK8. These subgroups were also found using the neighbour-joining and bootstrap parsimony methods (trees not shown), although the UK14 sequence was placed marginally on the lineage leading to the ItalyM 1, ItalyM2 and UK8 sequences in some comparisons.
The ML tree for five gag sequences is presented in Fig. 2(c) and is very similar to those produced by the neighbour-joining and bootstrap parsimony methods for these data (not shown). Once again, JapanTM2 appears Estimates were made using the method of Nei & Gojobori (1986) and are partitioned according to evolutionary relatedness. Partition 1 contains those North American and European FIV sequences which form star phylogenies in Fig. 3 . For all regions of env excluding V3, C4 and V4 this totalled six sequences: (15 pairwise comparisons); Dutchl9K1, Petaluma, PPR, SwissZ2, UK2 and UK8. JapanTM2 was excluded as it was too distant, and Dutchll3 because it was too similar to DutchlgK1. For V3, C4 and V4 the Dutch4 and UKI4 sequences were added to the dataset as they were also considered to form a star phylogeny with the previous six sequences (Fig. 3 b) . Hence eight sequences (28 pairwise comparisons). For the p17-p24 region of gag all four non-Japanese sequences (Petaluma, PPR, UK8 and UK14) resembled a star phylogeny and could thus be utilized. Partition 2 contains pairs of sequences representative of the three closely related subgroups of sequences detected in the phylogenetic analysis of the partial env dataset (Fig. 2b) : (i) Dutchl9K1 and Dutch113, (ii) ltalyM4 and Petaluma and (iii) UK8 and ItalyM1. Comparisons were made for each pair of a subgroup and then summed across subgroups. Partition 3 contains the two pairs of sequences taken from the same source, either individual animals (Petaluma and Petaluma-F14) or the same household (ltalyMl and ItalyM2). Here comparisons were made for each pair and then summed.
t Ks/Ka: mean K s divided by mean K A. :~ K a > Ks: number of individual pairwise comparisons for each dataset where K A was found to be greater than K s. § Each conserved region precedes the corresponding variable region in Fig. 1 , so that C6 comprises the C terminus of SU and the whole of TM. H Thirty bp of substantial length variation removed. ¶ NA, Not applicable.
distinct from the European and American sequences, including PPR, suggesting that these latter sequences probably diverged from each other at approximately the same time.
Base frequencies
The frequencies of A, C, G and T for the seven fulllength env sequences (excluding JapanTM2) are approximately 39 %, 14 %, 22 % and 26 %, respectively. The equivalent figures for Japan TM2 are very similar: 38 %, 13 %, 22% and 27 %, respectively. This indicates that a change in the substitutional process is not the cause of the divergent phylogenetic position of the Japanese sequence. This is confirmed from an analysis of the gag data. Here the frequencies of A, C, G and T for all sequences excluding JapanTM2 are approximately 36 %, 17 %, 24 % and 24 %, respectively. The equivalent figures for Japan are 35%, 18%, 24% and 23%. This also suggests that the substitutional process is similar between genes. These frequencies are very similar to others reported for lentiviruses, particularly in that they are relatively A-rich and C-poor (Myers & Pavlakis, 1992) .
Relative numbers of silent and replacement substitutions
Values of K s and K A (mean and range), the ratio Ks/K A (mean K s divided by mean KA) and the number of times KA exceeded K s in individual pairwise comparisons were estimated for the FIV sequences and are presented in Table 3 . Such values can only be estimated in a meaningful manner when sequences are of equivalent evolutionary relatedness, as in a star phylogeny, because only data with such a minimal phylogenetic structure permit the required assumption of independent random variables. Furthermore, it has been shown in the analysis of major histocompatibility class I loci that the Ks/K A ratio changes with the evolutionary relatedness of the sequences compared (Hughes & Nei, 1988) . For this reason the available FIV sequences were partitioned according to degree of evolutionary relatedness (sequences within each partition were assumed to be approximately equally related, as inferred from the env and gag phylogenetic trees) and comparisons were made on each partition separately.
Partition 1 contains those groups of sequences which form star phylogenies in the three analyses presented in Fig. 2 . Partition 2 contains pairs of sequences representative of the three closely related subgroups of sequences detected in the phylogenetic analysis of the partial env dataset (Fig. 2b) and partition 3 contains the two pairs of sequences that are the most closely related, being from the same source, either from the same animal (Petaluma/Petaluma-Fl4) or from the same household (ItalyM1/ItalyM2). Precise details of the partitioning and the comparisons made are given in the footnotes to Table 3 .
The JapanTM2 sequence was excluded from the analysis because it produced values of K s of approximately 1.0 when compared with other isolates (mean Ks values of 1.024 and 0"988 were estimated for comparisons involving env and gag, respectively). Such high values confirm the divergent phylogenetic position of JapanTM2 and indicate the possibility of extensive multiple substitution which would lead to a large underestimation of the true numbers of silent changes and invalidate the analysis. It should also be pointed out that this analysis is not an attempt to delimit variable regions in env, but rather it is an assessment of whether changes in regions of substantial amino acid variation (the predefined variable regions of env) can be explained by positive natural selection. An alternative approach would be to conduct a sliding window analysis through env rather than to predefine the boundaries of variable regions. For such an analysis, however, the window must be large enough to avoid excessive sampling error.
Results of the analyses of env sequences are shown in Table 3 (a). Each variable and constant region in SU was analysed separately but variable regions in TM (defined by P. Sonigo et al., unpublished results) were considered too small to be the subjects of reliable analyses. Thus C6 comprises the C terminus of SU and the whole of TM. For partition 1 (the more distantly related sequences) K A varies greatly across env, with higher values in variable regions as expected from the clustering evident in Fig. 1 . Mean values of K s appear to be more uniform, consistent with the notion that most of the substitutions at silent sites are under weaker selective constraints than those at replacement sites. Ks/K A ratios are higher in conserved regions (few amino acid changes) and lower in variable regions (many amino acid changes). Although the Ks/K A ratios for each region are invariably greater than 1-0, some values from individual pairwise comparisons were less than 1-0 indicating the possibility of positive natural selection for change (Hughes & Nei, 1988) . This was only true of comparisons involving the variable regions, and most notably V4 where nine of the 28 pairwise comparisons produced K A greater than K s.
Values for partition 2, representing the three subgroups of phylogenetically related sequences from the V3-C4-V4 region ofenv, are shown in the second column of Table 3 (a). Although inferences should be made with caution because of the small number of comparisons, the Ks/K A ratios appear to be lower than the corresponding estimates from partition 1. This is especially true of C4 where K A is greater than K s in two out of three pairwise comparisons and where the Ks/K A ratio is only 0-9 compared with 11-4 in partition 1. This may mean that a number of the changes in this generally conserved region have some adaptive significance, or it could merely be an artefact due to the sampling error involved in comparisons with such a short sequence. For V3 silent and replacement substitutions appear to occur at approximately equal frequency (a Ks/K A ratio of 1-0) and in V4, all three Ks/K A comparisons produce values less than 1-0 and the overall ratio of Ks/K A is much less than 0'5.
Values of K s and KA for partition 3, the two pairs of sequences obtained from the same source, are shown in the final column of Table 3. In the case of V4, K s was found to be zero and K A positive for both sets of comparisons. This produced a Ks/K A ratio of less than 1-0 and again suggests that positive natural selection plays a role in the fixation of substitutions in this region.
An analysis of ORF D (overlapping env in the -1 reading frame) is presented in the final line of Table 3 (a). Ks/K A is less than 1"0 in 12 of the 15 pairwise analyses. Furthermore, separate analyses of the variable (first 26 codons) and conserved (last 43 codons) regions reveal an average K~ of 0'411 for the variable part, the highest for any region of FIV. Conversely, there are no silent substitutions in the conserved part of ORF D. Such an unusual spatial distribution of substitutions may be indicative of selection in two reading frames. Finally, K s and KA values for the 1083 bp region of gag encoding p17 and p24 are presented in Table 3 (b). All four non-Japanese FIV sequences (six pairwise comparisons) could be assigned to partition 1 because of their resemblance to a star phylogeny (Fig. 2c) . The Ks/K A ratio for gag (9.9) is generally similar to those observed in the conserved regions ofenv. This may imply that these regions are under similar selective constraints, although p 17 and p24 may differ in this respect and there may be short regions of gag subject to immune selection which are too small to register in these analyses.
Discussion
The most striking features of the env and gag trees generated in this study is that the JapanTM2 isolate is clearly distinct from the North American and European sequences presented here. This phylogenetic separation arises from the very large numbers of silent substitutions between JapanTM2 and the other sequences. The fact that similar differences are found in both gag and env genes suggests that this is due to real phylogenetic separation rather than an elevation in the rate of nucleotide substitution along the JapanTM2 lineage. The possibility that JapanTM2 represents a separate FIV 'type' is further discussed below.
The position of PPR is ambiguous. Both the genetic distances and the phylogenetic analysis of the env data suggest that it is in some way 'intermediate' between the Japanese 'type' and the remaining North American and European sequences, but on the basis of the gag data it appears to have diverged at about the same time as the other non-Japanese sequences. This discrepancy could in part be due to a large-scale underestimation of the true number of nucleotide changes in env due to the accumulation of multiple substitutions in the variable regions. Thus the apparent reduction of the distance between PPR and Japan may reflect chance similarities only. A limited repertoire of functionally viable amino acids could also lead to such an effect (see below).
Many of the remaining branching events, as depicted in all three phylogenetic trees, suggest that a number of FIV sequences diverged at approximately the same time. This phylogenetic 'shape' is compatible with the idea of a radiation of FIV into a number of localities and separate evolution thereafter to generate sequences that appear to be more closely related. However, more sequence data will be required to demonstrate that such a phylogenetic structure is not merely an artefact of limited sampling. Some sequences clearly form geographical clusters, such as Dutch6, Dutchl9K1 and Dutchll3, whereas the other Dutch, Italian and U.K. sequences cluster into a variety of phylogenetic groups suggesting that FIV entered these countries on more than one occasion. This may be explained by the worldwide, but poorly documented, trade in pet cats. These findings imply the need for vaccines to include antigens from a variety of isolates, especially if these isolates prove not to generate cross-neutralizing antibodies.
Data on substitution rates amongst other immunodeficiency viruses have been used to infer the divergence times of different viral 'types' [reviewed in Myers & Pavlakis (1992) ]. An average silent substitution rate of 1% per year has been suggested for the gag gene of HIV-1 (Li et al., 1988; Gojobori et al., 1990) . If this rate is applied to the FIV data presented here, an average K s value of approximately 1.0 between JapanTM2 and the other isolates in gag suggests a divergence time of at least 50 years. Similarly the average K s of 0.139 for gag amongst non-Japanese FIV isolates implies a divergence time of approximately 7 years amongst these isolates. However these figures do not accord with the extensive seroprevalence of FIV [6 % of U.K. cats are seropositive (Hosie et al., 1989)] . Reasons for such an apparent incompatibility could involve undetected multiple substitutions or the inappropriateness of an average silent rate of 1% per year for both FIV and HIV; the difficulties in estimating rates of substitution in immunodeficiency viruses have been discussed by Myers & Pavlakis (1992) and have led to a wide range of estimated divergence times of HIV-1 and HIV-2. Furthermore the overall mutation rate may differ between HIV and FIV. For example, the FIV-encoded dUTPase function, predicted by McGeoch (1990) and demonstrated by Elder et al. (1992) , may play a role in reducing the mutation rate, and thus the inferred silent substitution rate, by protecting against misincorporation and DNA repair.
The extent of sequence divergence of FIV-JapanTM2 in the gag gene, an average nucleotide sequence distance to other isolates of 21%, is greater than that seen between many African and North American/European isolates of HIV. For example HIV-I~H (African) and HIV-1 LA~ (French) gag sequences differ by approximately 7 %. On this basis it is possible that JapanTM2 represents a different 'type' of FIV (although no less pathogenic) although resolution of these issues and verification of the existence of different 'types' of FIV will require analysis of further isolates. Sequences similar to those of JapanTM2 have been observed in Japan (Maki et al., 1992) and in American cats (J. Mullins, unpublished).
The rates of silent and replacement substitutions amongst the FIV sequences have been analysed to assess the presence of selective pressure. Observations of KA > Ks are thought to be good evidence of positive natural selection (Hughes & Nei, 1988) [although they could also result from extreme mutational bias (EyreWalker, 1992) ]. This approach has shown indirect evidence for positive selection (i.e. K A < Ks) at variable regions of HIV, and that this is most marked amongst isolates from the same individual. Thus Simmonds et al. (1990) found KA > Ks in the V3 region of isolates from individual haemophiliacs infected by a common batch of factor VIII, and Wolfs et al. (1990) describe a similar phenomenon for paediatric cases of HIV infection arising from a common source. Studies of SIV env sequence evolution in vivo have yielded similar findings (Baler et al., 1991; Burns & Desrosiers, 1991) .
The data presented here demonstrate similar evidence for positive selection in the variable regions of FIV env in that K A is greater than K s in several regions, especially V4 and between the closely related ItalyM 1 and ItalyM2, and Petaluma and Petaluma-F14, isolates (Table 3 , partitions 2 and 3), and also two clones of the Dutchl9 isolate, 19K1 and 19K32 (Siebelink et al., 1992; and data not shown sequences which represent directly sequenced amplification products from the tissues of cats infected with viral isolates from the same household. These findings confirm that the relationship between K s and K A depends on the phylogenetic relationship of the sequences in question; when more distantly related FIV sequences are compared the evidence of K A > K s is swamped by accumulating numbers of silent substitutions.
It is interesting to note that values of K A for variable regions amongst some non-Japanese isolates can be greater than those observed in comparisons involving JapanTM2, despite the closer phylogenetic relationship and lower values of K s amongst non-Japanese isolates. For example, between UK2 and Dutchl9K1, mean values of K A and K s at V4 are 0-193 and 0.201 respectively, whereas between JapanTM2 and UK2 the values are 0.151 and 0.812, and between JapanTM2 and DutchlgK1 they are 0.168 and 1"066. One interpretation of such a finding is that selection for variation acts on this sequence but that there might be a limit, due to functional constraints, to the amount of amino acid sequence diversity in the variable regions of env. Further evidence for constraint is seen in Fig. 1 , where isolates appear to have re-evolved the same amino acids at some positions. Although such convergent evolution is difficult to infer because of the uncertainties of the phylogenetic tree (Fig. 3) , a simple example is found in V4 at residue 452; JapanTM2 and Dutch113 possess an arginine but the majority of other sequences possess a leucine.
The marked variation and evidence of selection in the putative env leader sequence is worthy of comment. The definitive N terminus of FIV SU is unknown, but a putative internal signal sequence, with conserved hydrophobic character, overlapping V2 has been noted (Phillips et al., 1990) , and post-translational processing consistent with cleavage of a 20K leader peptide from the env polyprotein precursor has been demonstrated (E. Verschoor, unpublished results). This peptide may have a separate role; a rev-like function has been mapped to this region of FIV-TM2 by mutational analysis (Kiyomasu et al., 1991) . Such a genomic arrangement would parallel the known organization of visna lentivirus. Selection for change in this region may therefore reflect cell-mediated immune pressure exerted on a regulatory protein expressed early on in the viral life cycle.
The variation in ORF D is more difficult to interpret. If there was no selection operating, a Ks/K A ratio of 1"0 might be expected, as seen in an analysis of the corresponding 'nonsense' frame overlapping V3 of env (not shown). However, the observed Ks/K A ratio for ORFD is substantially less than 1-0. This, and the observation of a strong spatial bias to distribution of substitutions, including a possible suppression of silent substitutions in a conserved part of the ORF, suggest that it may be under real selection pressure. Possible expression of an ORF D product in FIV-infected cells is under investigation.
Although the precise nature of the selective forces operating on FIV is unknown, it is likely that escape from neutralizing antibody and cytotoxic T lymphocytes is involved, as proposed for HIV sequences (Leigh Brown, 1992). It is also likely that there will be changes associated with altered cellular tropism, as suggested for V3 of HIV env (Hwang et al., 1991) . Direct evidence for immunological selection driving sequence change in FIV infection will require further analysis of temporal sequence changes within individual animals and concomitant monitoring of neutralizing antibody and cellmediated immune responses.
